Rhizophydium is one of the largest genera of Chytridiomycetes known from the middle of the 19th century (Rabenhorst 1868) . It accounts for more than 225 species, which were described from freshwater, primarily as parasites of algae, and from soil as saprotrophs (Longcore 1996 , Letcher et al. 2004 . The data on this genus were significantly expanded in recent investigations (Letcher et al. , 2008 and reviewed in a comprehensive taxonomic summary and revision of the genus (Letcher & Powell 2012 ).
Nevertheless, the list of species investigated with modern methods is still far from being complete, and new data on the ultrastructure and molecular phylogeny of other strains are always important for understanding the huge morphological and genetic diversity of this genus. Moreover, the transmission electron microscopy (TEM) sometimes reveals peculiarities that can be used as new taxonomic characters, or may show the unimportance of some commonly accepted ultrastructural characters.
Here we present the ultrastructure and molecular phylogeny of an algal parasite, strain x-51 CALU, which was described in a preliminary study as 'Rhizophydium sp.'. We show that zoospore ultrastructure of this strain differs from that of other described species, and includes characters not described in any orders of Chytridiomycetes. These morphological data confirm an isolated phylogenetic position of x-51 obtained from the analysis of 18S and 28S rRNA sequences, and serve as the basis for the description of a new species and genus. Sister position of the x-51 branch relative to a cluster of environmental sequences, which includes Mesochytrium penetrans, and the ultrastructural differences of x-51 and Mesochytrium zoospores prompt us to establish two new orders: Gromochytriales and Mesochytriales.
MATERIALS And METHodS
Strain CALU x-51 was isolated from a water sample collected from a ditch by the highway near town Kirovsk, Leningrad FJ804149  FJ804153  37  WS 10-E02  uncultured  AJ867629  34  WS 10-E14  uncultured  AJ867630  36  WS 10-E15  uncultured  AJ867631  36  Spring_08  uncultured  JX069031  11  Spring_37  uncultured  JX069054  11  Spring_57  uncultured  JX069067  11  Spring_71  uncultured  JX069077  11  T2P1AeB05  uncultured  GQ995415  36  T2P1AeF04  uncultured  GQ995412  36  T3P1AeC03  uncultured  GQ995413  36  T5P2AeC07  uncultured  GQ995414  36  SAPA5_E7  uncultured  FJ483310  15  P60E-9  uncultured  DQ104060  13  P60E-29  uncultured  DQ104068  14  Clones from a lake in China  uncultured  JX426910, JX426918,  7  JX426923, JX426937,  JX426998, JX427002,  JX427011  Clones from Lake Bourget (BI74, B1,  uncultured  EF196711, EF196713,  20  B43, B44, B46-138, B49, B52, B56,  EF196728, EF196729,  BI78, BI88, BI100, BI104, BI107,  EF196731, EF196734,  BI121, BI123, BI15, BI72, BI76,  EF196735, EF196738,  B86-161, BI5)  EF196745, EF196749,  EF196751, EF196753,  EF196755, EF196762,  EF196763, EF196765,  EF196775, EF196776,  EF196786, EF196799  PFF5SP2005  uncultured  EU162641  36  PFD6SP2005  uncultured  EU162637 3'-end  30  PFA12SP2005  uncultured  EU162643  36  Pa2007C10  uncultured  JQ689425  35  F08_SE1B  uncultured  FJ592495 3'-end  17  ThJAR2B-48  uncultured  JF972676  33  528-O25  uncultured  EF586095  17  GA069  uncultured  HM486988  28  GF29312  uncultured  JX417945  16  PFG9SP2005  uncultured  EU162638  36  PA2009C3  uncultured  HQ191369  HQ191369  40  PA2009B6  uncultured  HQ191400  HQ191400  40  PA2009D8  uncultured  HQ191406  HQ191406  40  PA2009E7  uncultured  HQ191286  HQ191286  40  Va2007BB6  uncultured  JQ689445  35  FV23_1H5 uncultured DQ310332 29 For light microscopy, the parasite was examined with a Zeiss phase-contrast microscope.
For electron microscopy, the dual culture material was prefixed with 0.5 % OsO 4 for 10 min followed by 2.5 % glutaraldehyde in 0.05 M cacodylate buffer at 4 °C for 2 h. The samples were then incubated with buffered 1 % osmium tetroxide for 1 h at 4 °C. After centrifugation the pellet was dehydrated with a graded ethanol series, and embedded in Spurr's resin. Thin sections were stained with uranyl acetate and lead citrate, and examined with a Jeol 1011 electron microscope at 80 kV.
After inoculation of host strain with x-51, the cultures were incubated until the maximum infection of host cells was reached. Zoospores were then harvested by centrifugation and used directly for DNA extraction. The DNA was extracted with Diatom DNA Prep (IsoGen Lab, Moscow). The rRNA gene sequences were amplified using Encyclo PCR kit (Evrogen, Moscow) and a set of primers (Medlin et al. 1988 , van der Auwera et al. 1994 and sequenced directly with Applied Biosystems 3730 DNA Analyzer. The assembled contig sequence was deposited in GenBank under accession number KF586842.
Molecular phylogenetic analysis
Ribosomal DNA sequences of x-51 were aligned with 113 OTUs from zoosporic fungi and closely related uncultured clones collected from the GenBank database. Sequences were selected based on the following scheme. First, all chytrid LSU genes that had sufficiently large length (> 2 000 bp) were added to the list of OTUs, and SSU genes were selected for all listed species. Second, all fragments of chytrid SSU and LSU rRNA genes were selected from cultured strains and environmental samples that occupied isolated positions on the distance tree. Third, all sequences of uncultured clones available in GenBank as of January 2013 were selected that grouped closely with x-51 CALU and Mesochytrium penetrans x-10 CALU. For environmental sample sequences that formed particularly long branches on the distance tree we performed an additional . Support values are omitted for nodes that score above 95 % in both analyses (edges drawn with thick lines) and nodes that score less than 50 % in both analyses (edges drawn with striated lines). The strain x-51 -Gromochytrium mamkaevae is highlighted with red. Two groups of nearly identical clones in the Mesochytriales clade are collapsed into single branches (represented by triangles). verification step that involved breaking the sequence into two or more non-overlapping fragments that were then used as independent OTUs for preliminary phylogenetic analysis (data not shown). This method identified seven sequences (accession numbers: EU162637, EF196798, EF196785, EF196773, EF196750, FJ592495, HQ191339) from three independent environmental samples as potentially chimaeric. The parts of sequences EU162637 and FJ592495 that presumably have fungal source were retained; the remainder and the other four sequences were excluded from the phylogenetic analysis. To minimise missing data a small number of sequences was assembled by fusing or constructing a consensus of sequences from different isolates of the same species or by fusing partial sequences that have a 98-100 % overlap identity. The full list of consensus and chimaeric sequences constructed for the purpose of phylogenetic analysis is presented in Table 1 and Fig. 2 . The sequences of early-branching fungal taxa -Rozella allomycis and Amoeboaphelidium protococcarum were chosen as outgroup (James et al. 2006 , Karpov et al. 2013 . Alignments were generated with MUSCLE (Edgar 2004 ) and refined manually using BioEdit (Hall 1999) . After discarding ambiguously aligned nucleotide positions and concatenating the alignments of 18S, 5.8S and 28S rRNA genes, the alignment consisted of 4 850 positions. Tree search for the concatenated alignment was performed using the Bayesian method implemented by MrBayes v. 3.1.2 (Ronquist & Huelsenbeck 2003) . The tree reconstruction used GTR+G12+I model and partition by genes (18S, 5.8S, and 28S) with all parameters unlinked, except the topology and branch lengths. Four independent runs of eight Markov Chain Monte Carlo (MCMC) were performed to evaluate the convergence. Chains were run for 10 million generations sampling trees every 1 000 generations after discarding the first 8 million as burn-in. Sampled trees were used to generate a majority rule consensus tree with Bayesian posterior probabilities. Bootstrap support values for the consensus tree reconstructed by MrBayes were generated using RAxML v. 7.2.6 (Stamatakis 2006) on the basis of 1 000 replicates under the GTR+G+I model.
RESuLTS

Light microscopy
The parasite has a typical chytrid endogenous life cycle with tiny (~ 2 µm diam) zoospores that attach to the host cell surface, retract the flagellum and encyst. After the germ tube enters the host the zoospore cyst enlarges; a prominent lipid globule is clearly visible at this early stage (Fig. 1a) . The young sporangium has homogenous contents with few lipid globules of different size (Fig. 1b) , and the mature sporangium contains zoospores, which are released through an apical pore. The inoperculate sporangium is long ovoid (~ 18 × 10 µm diam) without a differentiated apical papilla (Fig. 1c) . The apical pore varies in its dimensions: from narrow to as broad as the diameter of the sporangium or even broader (Fig. 1e) . The delicate rhizoidal system is poorly visible, but can be estimated as weakly branched with short rhizoids emerging from a slender main axis (Fig. 1d, e) . According to this description the fungus could be identified as Rhizophydium mammillatum (A. Braun) A. Fish. (1892) or, less likely, R. melosirae (1952) (Sparrow 1960 , Letcher & Powell 2012 , and therefore it was identified as R. mammillatum (Mamkaeva et al. 2006 ).
Molecular phylogeny
The rDNA sequences of strain x-51 occupy an isolated position in the tree (Fig. 2) ; its closest relatives are three uncultured clones: one from Lake Koronia in Greece (clone kor_ 110904_17), another from snow-covered soil in alpine Austria (clone IIN1-34), and one more from a hyposaline soda lake in Kenya, East Africa (Genitsaris et al. 2009 , Kuhnert et al. 2012 , Luo et al. 2013 . Together these sequences form a new phylogenetic group. Among the described organisms, the closest relative of this group is Mesochytrium penetrans, which was classified in the Chytridiomycetes incertae sedis (Karpov et al. 2010) . Meso chytrium penetrans is the only described species of a diverse group of uncultured fungi from soil, freshwater and hydrobiont gut samples collected from temperate zone of Eurasia and North America (Table 2 ). This group was recognised earlier as an order-level 'Novel clade I' within the Chytridiomycetes (Lefèvre et al. 2008 , Jobard et al. 2012 . Another name for 'clade I' is 'snow chytrids' ('Snow Clade 1' or SC1) according to Naff et al. (2013) . The rDNA data places the clade uniting x-51 and the 'clade I' (Lefèvre et al. 2008) sister to Lobulomyc etales ), albeit with relatively low support (Fig. 2) . The distances inside the clusters of OTUs that contain x-51 and M. penetrans on the rDNA tree are comparable to the distances inside the established orders of Chytridiomycota, and distances between the OTUs in these clusters and the members of Lobulomycetales are no less than the distances between different orders of Chytridio mycota (Fig. 2) .
Zoospore ultrastructure
The spherical zoospore has a posterior flagellum and sometimes produces short anterior filopodia (Fig. 3c) . A core of aggregated ribosomes is located in the posterior part of the cell. The ribosomal aggregation is relatively small and does not have surrounding endoplasmic reticulum (Fig. 3, 4) . The ribosomes fill the space between the flagellar base and the nucleus and have no connection with nucleus, mitochondria or other membrane bounded organelles.
Several mitochondria with flat cristae reside at the cell periphery. A nearly central nucleus associates with anteriorly adpressed narrow microbody and a single large lipid globule anteriorly attached to the microbody (Fig. 3a) . The anterior flat side of the lipid globule is bounded by a prominent fenestrated cisterna (rumposome) oriented to the cell exterior. Thus, the microbodylipid globule complex (MLC) contains a single microbody enveloping a large anterior lipid globule with fenestrated cisterna.
Endoplasmic reticulum cisternae are rare and are normally found at the cell periphery. A vesicle rich zone occupies an area from one side of the ribosomal core extending from the nucleus to the centriole (Fig. 3a, c) . Several small vesicles with electron-opaque contents (dense bodies) are present in the cytoplasm of the anterior part of the cell.
Kinetid structure
The structure of the flagellar apparatus was investigated with serial sections of six released zoospores. The kinetosome and centriole are embedded in the ribosomal core (Fig. 3d,  e, 4) . The kinetosome is c. 400 nm long and composed of microtubular doublets (not triplets) with developed transitional fibers (props) (Fig. 4b-d) . The flagellar transition zone is simple without transversal plate, but with a slightly inward curved diaphragm at the distal end of kinetosome (Fig. 4g) . Two thin lines parallel to the peripheral microtubular doublets are present above the diaphragm, and seem to correspond to the spiral fiber, or cylinder (Fig. 4g ). The centriole is about 100 nm long and lies at an angle of c. 30° to the kinetosome (Fig. 3e, 4b , c, e, f). The kinetosome is connected to the centriole by a broad fibrillar bridge composed of at least three thick connectors (Fig. 4d) . The longest middle connector passes through the bottom of kinetosome to the side of centriole. The structure of interconnecting bridge seems to be an unstable character. The bridge looks rather broad and prominent, connecting the sides of kinetosome and centriole at the longitudinal sections (Fig 4e, f) , but it is not visible at the corresponding transverse sections (Fig. 4b-d) . Approximately 1/3 of all serial sections had the broad bridge connecting the sides of kinetosome and centriole and in 2/3 of the series the bridge connects the bottom of kinetosome to the side of centriole. The diagram (Fig. 5a) shows the more common state.
The kinetosome produces at least two microtubular roots. The anterior root consists of two microtubules and passes laterally in the direction of the lipid globule crossing the surface of fenestrated cisterna (Fig. 3a, 5) . The posterior root is much shorter, composed of one or two microtubules and is directed right about the anterior root (Fig. 4a -d) . Their origin is not clear: anterior root emerges in the vicinity of kinetosome, and posterior root appears somewhere in between the kinetosome and the centriole.
One more kinetosomal derivate, a spur, lies close to the outer surface of the kinetosome on the side opposite the centriole ( Fig. 4f, g ). The spur is thin and short, projecting about 70-100 nm from the kinetosome into the ribosomal core (Fig. 4f) .
A general scheme of zoospore ultrastructure is illustrated in Fig. 5a .
dISCuSSIon
According to the morphology of strain x-51 at different life cycle stages it belongs to the genus Rhizophydium sensu Sparrow (1960) . It has a simple thallus composed of inoperculate monocentric epibiotic elongated sporangium. It bears a single slightly branching rhizoidal axis. Judging by the shape of the sporangium and its dimensions this strain could be Rh. mammillatum, however, contrary to Rh. mammillatum, the sporangium of x-51 has no papilla. Our study has shown that zoospore ultrastructure of x-51 differs cardinally from that of Rhizophydium and other members of Rhizophydiales (Letcher et al. , 2008 . The order Rhizophydiales has 18 zoospore types that are rather different from each other, but none have a posterior ribosomal core without delimiting ER and mitochondria separated from MLC as in x-51. The MLC structure in the zoospore of x-51 has similarities with that of the recently established Gorgonomyces, which unlike other rhizophydiales has a close association of nucleus with microbody and lipid globule (Letcher et al. 2008 ), but in all other respects the zoospore of Gorgonomyces is different.
Molecular phylogeny places the strain x-51 far from Rhizophy diales, as a sister to 'clade I' -a cluster containing many environmental sequences of the Chytridiomycetes (Lefèvre et al. 2008 , Jobard et al. 2012 ) besides a formally described species Mesochytrium penetrans, which was earlier shown to have a rather isolated position among the Chytridiomycetes (Karpov et al. 2010) . The features that distinguish Mesochytrium are the partial penetration of the host cell by the sporangium and a zoospore with a unique ultrastructural organization.
Thus, we have to compare the zoospore structure of strain x-51 with that of M. penetrans. Two strains of M. penetrans (x-10 and x-46 CALU) were studied by electron microscopy, and 18S and 28S rRNA genes were sequenced for x-10 (Gromov et al. 2000 , Karpov et al. 2010 . Their general organization differs from that of x-51; unlike x-51 the M. penetrans has no ribosomal aggregation, its mitochondrion with MLC is enclosed by ER, a fenestrated cisterna faces the posterior of the cell, and a vacuole is present (Fig. 5b) . At the same time, some morphological characters are similar in x-51 and x-10; both have small dense vesicles in the cytoplasm, which are common for the Chytridiomycetes; the kinetosomes lie at the same angle to each other and the flagellar transition zones contain a spiral element or a cylinder (Fig. 5) . The kinetid structure also has some differences; x-51 has two microtubular roots which are absent in M. penetrans, a bridge in x-51 connects the bottom of kinetosome to the lateral surface of the centriole, not the lateral surfaces of kinetosome and centriole as in M. penetrans and the kinetosome of x-51 is composed of microtubular doublets. The spur structure and shape are also different; in x-51 the spur is inconspicuous and straight and in M. penetrans it is long and curved enclosing both the kinetosome and the centriole (Fig. 5) .
We conclude, that the overall organization and kinetid structure of the zoospores of M. penetrans and x-51 differ considerably. According to the modern paradigm stemming from D. Barr's studies (e.g. Barr 1978 , Barr & Hadland-Hartmann 1978 , Powell 1978 , Longcore 1995 , 1996 , Simmons 2009 , their zoospores certainly have enough peculiarities to separate them at the taxonomic level of order. Moreover, their zoospores can be regarded as having a unique organization among the chytridiomycetes. We have already shown this for M. penetrans (Karpov et al. 2010) . For the strain x-51 the unique characters are: the posterior core of ribosomes is not bounded by ER membranes, mitochondria are not associated with MLC, and a bridge connects the bottom of kinetosome to centriole.
The nearest branch to the x-51/Meshochytrium cluster is the order Lobulomycetales (Fig. 2) , a group that was recently established on the basis of SSU and partial LSU gene phylogeny and ultrastructural analysis of zoospores ). In the previous study, the 18S and 28S sequences of M. penetrans (strain x-10 CALU) also placed this strain as a sister lineage to Lobulomycetales but with a rather low support (Karpov et al. 2010) . 'Snow chytrids' were also suggested as a deep divergent branch sister to Lobulomycetales (Naff et al. 2013) . In the present study the increased taxon sampling through the addition of environmental sequences results in better support for the sister group position of the x-51/Meshochytrium cluster relative to Lobulomycetales (Fig. 2) .
Zoospores of Lobulomycetales (Lobulomyces angularis, Cly daea vesicula and Maunachytrium keaense) differ from those of x-51 and Meshochytrium in a number of ways: kinetids of lobulomycetes have parallel centrioles, an electron-opaque plug is present in the flagellar transition zone, and no spur or flagellar roots are found; the ribosomal core in Lobulomycetes is bounded by the ER, and the vacuole and 1-2 lipid globules lie posteriorly ). The presence of a rumposome (fenestrated cisterna) was noted in the text, but not shown in the pictures of the above cited article, therefore its precise position is unknown for Lobulomycetales.
Thus, our morphological data strongly support an isolated position of x-51/Meshochytrium cluster on the phylogenetic tree.
Taxonomy
An isolated position of Mesochytrium was shown by 18S+28S rRNA gene phylogeny and zoospore morphology of two strains: x-46 CALU (Gromov et al. 2000 ) and x-10 ( Karpov et al. 2010) , and recapitulated by molecular phylogenetic analysis in the present paper. The sequence of M. penetrans clusters with a large number of environmental sequences forming a clear monophyletic branch with good statistical support (Fig. 2) . Molecular phylogenetic analysis of this genus does not reveal family or ordinal level affinity of M. penetrans, consequently in the previous paper we referred to it as incertae sedis (Karpov et al. 2010 ). Here we have a better resolved tree with a number of environmental sequences and a new neighbour of this branch that includes isolate x-51. Because of the molecular phylogeny of M. penetrans and CALU x-51, together with each having a unique organisation of zoospores, we establish new orders and families for both, plus a new genus and species for CALU x-51. Fig. 1-5a Etymology. Genus named in honour of Boris V. Gromov, a prominent Russian microbiologist, and species named in honour of his spouse, colleague and co-author, Kira A. Mamkaeva. Mature inoperculate epibiotic sporangium long ovoid (18 × 10 µm) without papillae. Zoospores released through apical pore. Delicate, weakly branched rhizoidal system with short rhizoids emerging from a slender main axis. Zoospores 2 µm diam with single lipid globule. Zoosporangium sessile, partially penetrating host cell. Delicate branched rhizoids emerge near the sporangial base. Zoo spores spherical to oval with single lipid globule and dispersed ribosomes. Microbody-lipid-complex composed of a single mitochondrion and a single lipid globule partially covered with microbody and posterior fenestrated cisterna; centriole with veil at an angle of c. 30° to kinetosome, the two being connected by a broad, dense fibrillar bridge. Flagellar transition zone contains a spiral fiber. Resting spore endobiotic, spherical with smooth thick wall.
Gromochytriales
Mesochytrium penetrans B.V. Gromov, Mamkaeva & Pljusch. Nova Hedwigia 71: 159. 2000, emend. Karpov Sporangium pyriform 10-14 × 6-7.5 µm with thin smooth wall and apical papilla. Zoospores spherical 2-2.5 µm diam with 
Diversity and abundance of Mesochytriales and Gromochytriales in nature
The fact that Mesochytrium penetrans and Gromochytrium mamkaevae have thus far not been found during environmental DNA studies indicates that these species are not prevalent in the sampled ecosystems, at least not during the time of sampling. This fact emphasizes the incompleteness of our current knowledge of chytrid diversity and the importance of collecting new samples for exhaustive description of fungal diversity. At the same time, some of the undescribed species from the Mesochytriales clade that are represented by almost identical clones were repeatedly recovered in several environmental samples. Such clusters are formed by clones shown on Fig. 2 as small black triangles: one is presented by PFG9SP2005, PA2009C3, PA2009B6, PA2009D8 (Lefèvre et al. 2008 , Monchy et al. 2011 , another by PFF5SP2005, PFD6SP2005 (3'-end), Pa2007C10 and 20 clones are from Lake Bourget (Lefèvre et al. 2008 , Lepère et al. 2008 , Jobard et al. 2012 , collected during the course of several years from lakes in France. Moreover, the clones of Mesochytriales from Lake Bourget form a substantial fraction of all fungal clones in the sample, which implies that their zoospores were ubiquitous during the time of sampling. It is likely that the abundance of Mesochytriales may vary by season. Ribosomal DNA clones of Mesochytriales accounted for about 50 % of the number of fungal rDNA clones from Lake Pavin (France) in spring and summer seasons (Lefèvre et al. 2008 , Jobard et al. 2012 ), but they were not detected there in autumn (Lefèvre et al. 2007 ). Similarly to M. penetrans and G. mamkaevae, these clones probably can be attributed to parasites of algae. The diversity and abundance of rDNA clones from undescribed members in these environmental samples suggest that members of the Mesochytriales may play an important role as regulators of phytoplankton populations (Lefèvre et al. 2008 , Lepère et al. 2008 , Genitsaris et al. 2009 , Monchy et al. 2011 .
